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ABSTRACT 
The adsorption equilibria of binary liquid mixtures of 
diethyl/triethyl, diethyl/dipropyl and dipropyl/triethyl amines 
systems faujasite 0 29.5 C are The pore size of presented. on at 
faujasite is about 7.5 angstorm units. Diethyl, triethyl and dipropyl 
amines have estimated critical diameters of 5.6, 6.2 and 6.3 angstrom 
units respectively. Thus each of the three components has equal access 
to the fine pore opening of the faujasite. 
Diethyl amine is preferentially adsorbed in both 
diethyl/triethyl and diethyl/dipropyl amines systems throughout the 
concentration range. And dipropyl amine is preferentially adsorbed in 
dipropyl/triethyl amines system throughout the concentration range. 
The shapes of the composite isotherm for the three systems are 
different due to the differences in the adsorbate-adsorbate and 
adsorbate-adsorbent interaction effects in each system. 
Diethyl amine has a better packing efficiency than dipropyl 
amine. And dipropyl amine has a better packing efficiency than 
triethyl amine. This order of packing effeciency of the amines is 
parallel to the order of magnitude of the preferential adsorption of 
the components in binary liquid mixtures. 
The preferential adsorption of diethyl amine in diethyl/dipropyl 
amines system implies that in a homologous series of amines, a lower 
molecular weight is preferentially adsorbed on faujasite. 
1 
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Chapter 1 
INTRODUCTION 
1.1 Background 
Adsorption is wildely use in separation and purification 
processes. It is sometimes preferable in purification processes where 
the alternative is cryogenic distillation and provides a favourable 
economic option to distillation in a seperation processes at low 
relative volatility. ( Ruthven, 1984 (38] ) 
Indeed, molecular "sieve" zeolites have generated a lot of 
scientific interest in the study of adsorption processes with diverse 
industrial applications. ( Anderson, 1977 [1] ). Also, zeolites have 
the property of uniform pore size which give them their remakable 
"molecular sieve" behavior that distinguished them from the 
traditional microporous adsorbents. 
1.2 Industrial Applications of Zeolites 
Among the diverse industrial applications of zeolites are : 
(i) In the seperation of n-paraffin used in biodegradable detergents 
from their isomers. 
(ii) For feed desulfurisation 1n the production of ammonia,hydrogen 
and in many petrochemical industries. 
2 
(iii) For total front-end water and carbon dioxide removal in 
cryogenic extraction ( for example, extraction of helium from 
natural gas) and distillation (for example, separation of air). 
(iv) In the drying of refrigerants. 
(v) And as catalysts or catalyst support. 
( Anderson, 1977 [1]; Breck, 1974 [6] ) 
1.3 Industrial Applications of Amines 
The ethyl amines ( di and tri ethly amines) of interest in this 
study have extensive use as solvents for a wide variety of organic 
compounds. Among its other uses, diethyl amine is use in the 
preparation of rubber vulcanization accelerators and in the 
preparation of nikethamide, the diethyl amide of nicotinic acid, which 
is used medicinally as a respiratory stimulant and analeptic. On the 
other hand, triethyl amine 1s used as an antigelling agent and 
viscosity improver in paint . It is also used in the manufacture of 
quaternary ammonium compounds used as detergents and germicides. 
( Goshorn, 1950 [18] ) 
1. 4 Objectives 
The ethyl amines are commonly manufactured from ethyl ether and 
ammonia or from ethyl alcohol and ammonia. The crude products are 
fractionated to separate the main products, that is, mono, di and 
3 
triethyl amines. We are of the opinion that we could investigate the 
utility of zeolites with high sorption capacity and selectivity to 
seperate the main products from the crude products. 
We also note that there have been comparatively many 
publications on the liquid phase adsorption of hydrocarbons and 
alcohols using activated silical gel and carbon as adsorbents [ 17,26, 
30,32,43,44,45 and few publications using zeolites as adsorbents 
(19,40,41,42,48 we are not aware of any publication on the ordered 
adsorption equilibria isotherms of amines on any adsorbent. 
Zeolites X and Y and 1n particular faujasite are Group 4 
zeolites known to contain the largest void space and hence the largest 
sorption capacity of any known zeolites. Furthermore, faujasite as an 
adsorbent has not been explored to any appreciable extent. There have 
been very few publications on adsorption studies of faujasite even 1n 
the gas phase. This could be explained from the fact that natural 
faujasite unlike many other zeolites 1s very rare and earlier attempts 
to synthesise it were not successful (6]. 
With the above consideration in mind, we decided to investigate 
the adsorption equilibria isotherms of liquid amines using faujasite 
as an adsorbent in our present study. 
4 
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Chapter 2 
CHAIACTBIISTICS OF TUB ADSORBENTS AND ADSOIBATBS 
2.1 Characteristics of the Adsorbents 
2.1.1 Structure of Zeolites 
Zeolites have been defined as crystalline, m1croporous hydrated 
aluminosilicates of Group I and Group II elements of the periodic 
table. The framework of zeolites are based on an infinitely three-
dimensional network of Al04 and Si04 tetrahedra linked to each other 
by sharing all of the oxygens. In terms of crystallographic unit cell, 
zeolites may be represented by the structural formular [6] : 
2 .1 
Where 
M 15 the cation of valence n 
w 15 the number of water molecules 
y/x usually has values 1 to 5 depending on the structure 
(y+x) 15 the total number of tetrahedra in the unit cell 
[ ... ] 15 the framework composition 
5 
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FIGURE 2.1 SCHEMA.TIC DIAGRAM SHOWING DISPOSITION OF THE CATIONS 
SITES IN FAUJASITB ( FROM BRECK, 1974 [6] ) 
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The intersecting channels of zeolites may be one-dimensional, 
two-dimensional or three-dimensional. There are two types of 
three-dimensional intersecting channels. There is a type where the 
free-diameter of all the channels is equal regardless of direction. 
This 1s found 1n faujasite and synthetic zeolites X and Y. In the 
other type, the channels are not equidimensional : the diameter 
depends upon the crystallographic direction. More details on the 
structure of faujasite could be seen in Fig. 2.1 
Zeolites X and Y and in particular faujasite which is the focus 
1n this present study, are zeolites of Group 4 [6). Group 4 zeolites 
have a remarkably stable and rigid framework structure which contains 
the largest void space of any known zeolite and amounts to about 50% 
of the dehydrated crystal. 
The aluminosilicate framework consists of a diamond-like array 
of linked octahedra which are joined tetrahedrally through the 6-ring. 
That 1s, double 6-ring (D6R) link adjoining truncated octahedra. In 
faujasite, the truncated octahedra p-cages make up the crystal 
structures that contain eight cavities in each unit cell. 
Breck, 1974 [6) has documented the structures and some other 
properties of most zeolites. In particular, our Table 2.1 adapted from 
Breck, 1974 [6) illustrates the salient properties of faujasite. 
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TABLB 2.1 : SOKB PROPEiTIBS OF FAUJASITB 
(FiOU BRECK, 1974 [6]) 
Structure Group: 
Reference: 
Chemical Composition 
Typical Oxide Formula: 
Typical Unit Cell Contents: 
Variations: 
Crystallographic Data 
Symmetry: 
Space Group: 
Unit Cell Constants: 
Structural Properties 
Framework: Stereo 2.17 
SBU: 
Cage type: 
Channel System: Fig. 2.30 
Hydrated-
Free Apertures: 
Cation Locations: 
Dehydrated-
Cation Locations: 
Effect of Dehydration: 
Location of H20 Molecules: 
Largest Molecule Adsorbed: 
Kinetic Diameter, a, A: 
4 
59, 123,125,131-133, 187-190 
(Na2 ,Ca,Mg)(2)0· Ah03 ·4.5 Si02 • 7 H20 
Na1:2 Ca 12Mg 11 [(AI02 )s9 (Si02) 133 ]· 235 H20 
K observed in variable amounts 
Mg observed in variable amounts 
Cubic 
Fd3m 
a= 24.67 A 
Density: 1.91 g/cc 
Unit Cell Volume: 15,014 A3 
X-Ray Powder Data: Table 3.13 
Truncated octahedra fj-cages, linked tetrahedrally 
through D6R's in arrangement like carbon atoms 
in diamond. Contains eight cavities "' 13 A in 
diameter in each unit cell. 
D6R, 16/uc Void volume: 0.47 cc/cc 
~, 8/uc, 26-hedron (11). Framework density: l .27gjc, 
Three-dimensional, II to [ 110] 
12-ring 7 .4 A; 6-ring 2.2 A 
See Table 2.11 
See Table 2.11 
Stable and reversible 
4 in each ~-cage 
(C2FshN 
8.0 
8 
2.1.2 Properties of Zeolites 
The nature of the void space and the interconnecting channels 
play a prominent role in determining the physical and chemical 
properties of zeolites as described below. 
2.1.2.1 Molecular •sieve• Action 
The molecular "sieve" properties are determined mainly by the 
free diameters of the window 1n the intracrystalline channel 
structure ( Breck,1974 [6]; Ruthven,1984 [38] ). The framework of a 
zeolite form an open crystal lattice which contains pores of molecular 
dimension that guest molecules can penetrate. Zeolites have a unique 
uniform pore size and guest molecules with critical diameter greater 
than the pore size of the zeolite will be prevented from entering its 
internal cavities. This is the basis of the molecular "sieve" action 
of zeolites that distinguished them from the traditional microporous 
adsorbents ( Breck, 1974 [6]; Danner, 1966 [10]; Ruthven,1984 [38] ) . 
This effect is further illustrated in our Fig. 2.2 
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I 3 - H2 -
H2 0 
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Zeolite pore size (A) a(A) 
FIGURE 2.2 CHART SHOWING A CORRELATION BETWEEN EFFECTIVE PORE SIZE 
OF VARIOUS ZEOLITES IN EQUILIBRIUM ADSORPTION OVER 
TEMPERATURES OF 77° TO 420°K(INDICATED BY ... ),WITH THE 
KINETIC DIAYETERS OF VARIOUS MOLECULES AS DETERMINED FROM 
TUB L-J POTENTIAL RELATION (FROM BRECK, 1974 [6]). 
10 
, I T1'1'1 ·- - ---·-- ----------· -· --·· ·- ---
2.1.2.2 Pore Volume 
After dehydration, some zeolites suffer no structural distortion 
but others may undergo permanent structural distortion. Faujasite, 
zeolites X and Y are among zeolites that have hydrothermal stability, 
that 1s, the crystal structure remain rigid and intact after 
dehydration. The intracrystalline volume occupied by water molecules 
will be available for occupancy by other molecular species after 
dehydration. 
Dubinin, 1965 [12] and Breck, 1974 [6] have noted that for 
zeolites that are hydrothermally stable, adsorption and desorption 
involve reversible filling and emptying respectively of the 
m1cropores. That is, adsorption is mainly a mechanism of pore filling 
where external surface area of the adsorbent particles is very small 
compared with the total available surface area. Thus the common 
surface area concepts as they are applied to other adsorbents are not 
applicable. 
The adsorption processes involving zeolites usually conform to 
the type I isotherm ( Brunauer Classification ). In this type I 
isotherm, the Gurvitsch rule [6], which is used to estimate the pore 
volume of adsorbents, is applicable. 
Using the Gurvitsch rule, the total pore volume, V (cc/g) 1s p 
V = X /d p s a 
11 
2.2 
---·--~-·. ~---·---
Where 
x 1s the g of adsorbate per g of adsorbent at saturation 
s 
d 1s the density of the liquid adsorbate in g/cc 
a 
Also, the void fraction, Vf 1n the crystal 1s given by 
= X d /d 
S C a 
2.3 
Where 
d 1s the density of the dehydrated zeolite crystal. 
C 
2.1.2.3 Sorption Capacity 
The sorption capacity of zeolite for a given adsorbate is 
related to the free space or void volume. This sorption capacity may 
vary from one adsorbate to another because of differences in the 
packing efficiency of the different molecules in the zeoliote 
cavities. ( Satterfield and Cheng, 1972 [ 40] ) 
Also, the total intracrystalline pore volume and the 
accessibility of the cavities are two different properties of 
zeolites. Barrer and Coughlan, 1968 [3] noted that the pore volume may 
be large while accessibility may be rather low or pore volume may be 
small while accessibility may be high. 
12 
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2.1.2.4 Selectivity 
In molecular "sieve" zeolite, selective adsorption may occur 
when all concern guest molecules have full access to the entire fine 
pore structure. This preferential adsorption 1s influence by the 
nature of the anionic framework of the zeolite and by the polarity of 
the entire structure. Also, polarity of the structure is affected by 
the concentration, size, position, and the valence of the 
intracrystalline cations. ( Barrer and Coughlan, 1968 [3] ) 
Since zeolite 1s an 1on1c adsorbent there is a significant 
contribution of electrostatic energy of interaction of the adsorbent-
adsorbate in addition to the usually present van der Waals forces 
(i.e., repulsion and dispersion energy terms ) . These specific 
interactions play a prominent role in the selectivity properties of 
zeoli tes. 
13 
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2.2 Characteristics of the Adsorbates 
Diethyl, triethyl, dipropyl,dibutyl and tri-isopentyl amines are 
choosen for this study. Some of the relevant physical properties of 
these amines (18,28,36] are presented 1n Table 2.2. The critical 
diameters of the amines are estimated from the work of Tee,et al, 1966 
(49]. The critical diameters of diethyl, triethyl,dipropyl and 
dibuthyl amines are each less than the pore size of the faujasite 
which is about 7.5 angstrom units. Consequently, each of these amines 
has free access to the internal cavities of the faujasite. This thus 
enables the effects of preferential adsorption of the amines to be 
studied for a homologous series. 
In the literature, some investigators [ 19,26,40,42,48] have 
reported a reversal of Trauble's rule ( that is, in a homologous 
series, the higher molecular weight is preferentially adsorbed) and 
explained that the reversal is due to both physicochemical properties 
and steric effects. Thus lower molecular weight component that has a 
more efficient packing structure is preferentially adsorbed. 
Therefore, our choice of triethyl amine which has the same molecular 
weight as dipropyl amine and differs in structure from the diethyl and 
dipropyl amines will throw more light on the reasons for the reversal 
or conformity with Trauble's rule. 
Tri-isopentyl amine has an estimated critical diameter of 8.1 
angstrom units which is larger than the pore size of the faujasite 
(7.5 angstrom units). In addition to this, its branched shape will 
14 
make it experience a high steric hinderance in aligning with the pore 
structure of the faujasite. In effect, tri-isopentyl amine will be 
negligibly adsorbed by faujasite. Consequently, in this study we chose 
tri-isopentyl amine as our non-adsorbable component in the 
determination of the adsorption capacity of the faujasite for each of 
the pure amines of interest. That 1s, by a material balance of 
composition of a known quantity of the mixture before and after 
adsorption on a known quantity of the faujasite, the adsorption 
capacity of the faujasite for the interested adsorbate can thus be 
determined. The mixture here refers to the combination of the non-
adsorbable component and the interested pure component. 
TABLE 2.2 PHYSICAL PROPERTIES OF AMINES 
-------------
COMPONENT MOL WT DENSITY MELTING PT BOILING PT LENNARD-JONES 
(g/mole) 3 (g/cm) (OC) (OC) CRITICAL DIAM 
--------
( ~ ) 
DIETHYL 73.14 0.7056 48.0 56.3 5.6 
TRIETHYL 101.19 0.7275 -114.7 89.3 6.2 
DIPROPYL 101.19 0.7400 -39.6 109.4 6.3 
DIBUTYL 129.25 0.7670 -60.0 159.0 6.8 
TRIISOPENTYL 227.44 0.7848 235.0 8.1 
15 
2.3 Adsorbate-Adsorbent Interaction Bffects 
It 1s common to classify into groups labelled A,B and D 
molecules which have common functional or structural features leading 
to a specific type of adsorption behavior in zeolites [27,40). Group A 
molecules includes 
paraffins (alkanes). 
permanent gases (like argon,neon) and normal-
Group B includes carbon dioxide, f-bonds 
hydrocarbons (alkenes), nitrogen gas, aromatics, nitromethane, 
benzene, ethyl ether and naphthalenes. Group D includes water, 
alcohol, amines and ammonia. 
With respect to Group A, the zeolite surface 1s rather 
homogeneous. That 1s, the zeolite sites are energetically equal and 
ideal langmuir adsorptive behavior prevails. That 1s to say, 
adsorbate-adsorbate and adsorbate-adsorbent interactions are equally 
negligible or absent. However, with respect to molecules of Group B, 
adsorbate-adsorbate interactions are low. The surface of the zeolite 
1s non-homogeneous, that 1s, there are considerable adsorbate-
adsorbent interactions. Finally, with respect to molecules of Group D, 
adsorbate-adsorbate interaction 1s higher than those observed for 
Group B molecules and there 1s more prominent adsorbate-adsorbent 
interaction. These Group D molecules interact specifically with 
zeolites and also with each other with some forming mutual hydrogen 
bonds. 
Specifically, amines are molecules of Group D ( Eltekov and 
Kiselev, 1968 [13); Kiselev and Lopatkin, 1968 [27] ) and so we expect 
16 
a specific interaction between amines molecules and faujasite. We also 
expect adsobate-adsorbate interaction that will vary depending on the 
molecular size differences and structures of the amines. 
When surface excess (see equation 3.2 ) of adsorption 
equilibrium of amines mixture on faujasite is plotted against the mole 
fraction of the interested component in the bulk phase we expect 
either a U-shaped or S-shaped type of composite isotherm ( Kipling, 
1965 [26] ) as shown 1n Fig. 2.3. 
When we have a U-shaped isotherm there 1s preferential 
adsorption of one component over all concentration range. On the other 
hand, if we have a S-shaped isotherm, there is reversibility of 
selectivity of a component within the concentration range. This 
reversibility is a manifestation of a regular solution behavior of the 
liquid mixtures components adsorbed on the adsorbent. 
17 
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FIGURE 2.3 TYPES OF COMPOSITE ISOTHERM ACCORDING TO SCHAY. 
( FROM KIPLING, 1965 [26] ) 
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Chapter 3 
THEORETICAL BACKGROUND 
The simple monolayer model and multilayer model description of 
liquid adsorption on solids have been found to be inadequate for 
complex systems. However, for zeolite's adsorption equilibria, a 
monolayer concept gives a reasonable approximation to the true 
situation and a multilayer concept 1s inappropriate ( Danner, 1966 
[10]; Kipling, 1965 [26] ) . 
An approach to avoid this difficulty of monolayer and multilayer 
classification is to assume that the adsorbed phase occupies t layers 
and use the obtained experimental data to find the best ( usually the 
smallest ) value of t [17] . In the face of inadequate representation 
of the adsorption equilibria by monolayer and multilayer models a more 
realistic thermodynamic analysis that does not depend on any molecular 
layer model for the adsorbed phase becomes attractive. 
The thermodynamic analysis was largely developed for the 
gas/solid adsorption equilibria and then extended to liquid/solid 
adsorption equilibria. The basic thermodynamic fact underlying the 
models developed for gas/solid adsorption and extended to liquid/solid 
adsorption 1s that if a solid is suspended in a saturated vapor 1n 
contact with the liquid reaches equilibrium, then the liquid itself 1s 
in equilibrium with the solid. ( Analogous to the zeroth law of 
thermodyanamics ) . That is, if a solid is contacted with a saturated 
19 
vapor, the equilibrium adsorption isotherm obtained is equivalent to 
the equilibrium adsorption isotherm for the equilibrium liquid of the 
saturated vapor in contact with the solid. 
The above principle was successfully applied by Sircar and 
Myers, 1973 [46) to predict adsorption at liquid/solid interface from 
adsorption isotherms of the pure unsaturated vapor. Also Kipling, 1965 
[26) reported an indirect experimental determination of adsorption 
capacity of a solid for a given liquid component by suspending the 
solid 1n a saturated vapor in contact with the liquid. 
It is instructive to note that the basic assumptions involved in 
the gas/solid adsorption models should be well understood before 
making a direct extension to liquid/solid adsorption equilibria. 
Infact a direct analogy may be misleading. For example, Hansen et al, 
1949 [21); and Hansen and Hansen, 1955 [23) replaced the concept of 
reduced pressure, P/P ( P is the saturation vapor pressure) with 
0 0 
reduced concentration, C/C 
0 
( is the saturation liquid C 
0 
concentration of the solute ) when considering the adsorption of a 
solvent in which the former has limited solubility. It is obvious that 
this analogy will break down where there is complete miscibility of 
the liquid mixture components. 
Also, Gupta et al, 1981 [20], extended the single component 
gas/solid adsorption equilibrium isotherm based on a statistical 
thermodynamic model of Ruthven and coworkers [38) to a single 
adsorbable component 1n the liquid phase by replacing the partial 
pressure of the component term by the equivalent Raoult's law 
20 
expression for the liquid phase. Their studies [20] were on molecular 
"sieve" Linde 5A. This approach will not be applicable to other types 
of adsorbent that has a wide range or a large pore size in which a 
complete prevention of one component while the other component is 
adsorbed may not be possible. 
We can also mention that the vacancy solution model approach of 
Danner and coworkers [8], which is very successfull in the gas/solid 
adsorption equilibria, has no equivalent in liquid/solid adsorption 
equilibria because at each equilibrium determination there lS a 
complete coverage of the adsorption sites by the liquid. And it is 
pertinent to be aware that the thermodynamic models of the gas/solid 
adsorption equilibria isotherms are still in the developmental stages 
and the merits and demerits of using some of these models have been 
g1 ven 10 the 1 i terature. ( Costa et al, 1981 [9] ; Danner and Choi, 1978 
[11]; Sircar and Myers, 1973 [47] ) 
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3.1 Classical Thermodynamic Adsorption Model 
At equilibrium, there 1s progressive variation of concentration 
between the adsorbed phase and the bulk liquid phase. It is possible 
to define a Gibbs dividing surface such that the sum of the surface 
E 
excess, n. , of the mixture components is zero. 
1 
1. e • I 
E [ n. 
1 
= 0 3.1 
It 1s equally realistic to replace the continuous variation of 
concentration between the two phases by a step wise change of 
concentraion as shown in Fig. 3.1 subject to satisfaction of the above 
equation 3.1 
When n° moles of the liquid mixture is contacted with m grams of 
the adsorbent, there will be a change in the composition of a given 
component, 1 in the mixture at equilibrium which can be expressed in 
E terms of the surface excess, n. ( Kipling, 1965 [26] ) : 
1 
Where 
E 
n. 
1 
a and b 
0 
X, 
1 
= 
0 0 b (n/m)(x.-x.) 
1 1 
a a b 
= nt (x. - x.) 
1 1 
are the respective adsorbed and bulk phases 
is the total number of moles of the adsorbed 
components per gram of the adsorbent 
is the initial mole of component, i 
22 
3.2 
z z 
0 
X 
0 
i 
a = Adsorbed phase 
b = Bulk liquid phase 
I 
I 
I 
x~ 
I 
x. = Mole fraction of component, 1 1 
Z = Distance from the surface 
FIGURE 3.1 A STEP FUNCTION APPROXIMATION FOR A CONTINUOUS 
CONCENTRATION PROFILE FOR A SOLID/LIQUID ADSORPTION 
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Let us choose a standard fugacity, f? 
1 
of the pure liquid, i at 
temperature, T and pressure, P of the system for both the bulk and 
the adsorbed phases. 
-e can then write for the bulk phase ( Reid et al, 1977 [36) ) 
f? 
1 
0 b b O 0 
= P.7.x.exp[Y. (P - P.)/RT) 1 1 1 1 1 3.3 
But for a liquid/solid adsorption process, the Poynting correction 1s 
negligible. We can therefore write that: 
f? 
1 
Where 
0 b b 
= P.7.x. 1 1 1 
b the activity coefficient of component 1· lS 1 1 
1n the bulk phase. 
p? lS the saturation vapor pressure of 1 
at temperature, T I of the system. 
Similarly for the adsorbed phase we can write 
( Sircar and Myers, 1973 [46) ) 
f~ 
1 
o a a [ ( o) / ] = P.7.x.exp -A a - a. m.RT 1 1 1 1 1 
Where 
component 1 
m. = the adsorption capacity ( 1n moles of adsorbate 
1 
24 
3.4 
3.5 
per gram of the adsorbent) of the adsorbent for 
component i. 
o = the surface tension of solid/liquid mixture 
0 
a. = the surface area per gram of the adsorbent. 
1 
At equilibrium 
Or b b 7.x. 
1 1 
= 
= 
f~ 
1 
a a [ o 7.x.exp -A(o - o.)/m.RT] 
1 1 1 1 
We shall define a selectivity, S .. as lJ 
s .. lJ 
b b a a 
= (x./x.)/(x./x.) 
1 J 1 J 
b a 
= x .. /x .. 
1 J 1 J 
From equations 3.6 and 3.7 we can write 
s .. lJ 
Or, 
a a b b o o 
= [(7./7.)/(7./7.)]exp[-A(o - o.)/m.RT + A(o - o.)/m.RT] lJ lJ 1 1 J J 
s .. 
lJ 
a b a 
= ( 7 .. /7 .. )Q .. lJ lJ lJ 
3.6 
3.7 
3.8 
3.9 
3.10 
For the adsorbed phase it could reasonably be assumed that there is no 
area or volume change upon mixing ( Myers and Prausnitz, 1965 [33] ) : 
i.e. = a E x./m. 
1 1 
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3.11 
( Equation 3.11 has been used as an empirical correlation by Lewis et 
al, 1950 [31] And it is not valid for non-porous adsorbents. 
However, most industrially important adsorbents are microporous. Thus 
equation 3.11 is an adequate representation. ) 
Combining equations 3.2, 3.7, 3.9, and 3.11 we have 
( Sircar and Myers, 1973 [46] ) 
E b b b 
n. = X. ( 1 - [ x.S . . )/[ x.S .. /m. 1 1 
. J lJ . J lJ J J J 
And a b b x. = X. /E X. s .. 1 1 . J 1 J 
J 
3.12 
3.13 
Subject to Gibbs adsorption isotherm and Gibbs-Duhem equation at 
constant T and P we can write for each binary component data: 
0 A(a - a.) 
1 
= 
xi E b b b b b 
-RTJ 1[ n./(x.x.7.)]d(7.x.) x.= 1 1 J 1 1 1 
1 
3.14 
N-1 
And + [ 
i=l 
0 0 A(a. - a. 1) 1 1+ = 0 3.15 
Where N 1s the total number of components greater or equal to 2 . 
From equation 3.8 we can also write that 
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s .. = 1 3.16 11 
s .. = 1/S .. 3.17 lJ Jl 
s .. = ( 8ik)( 8kj) 3.18 lJ 
Equations 3.14 and 3.15 provide the thermodynamic consistency tests as 
applied by Sircar and Myers, 1971 [44] . However, the ternary and 
higher mixture components form of equation 3.14 is very unwieldy. We 
are currently developing a model for predicting adsorption equilibria 
isotherms that will avoid the numerical evaluation [7,37] of equation 
3.14 for a multicomponent system. 
3.1.1 Simple Binary System 
For the binary components 1 and 2 we can write, using equation 3.12 
+ 3.19 
For a simple system where m1 = m2 = m we have, after rearrangement 
b 
= (1/m) [ x1 + 1/(S12 - 1) ] 3.20 
We note from equation 3.9 that s12 is a function of composition 
and activity coefficients of both the adsorbed and bulk liquid phase. 
However, for a binary system where both the bulk liquid phase and the 
adsorbed phase can be assumed to be ideal, s12 is a constant. 
27 
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Therefore, for a simple, ideal binary adsorption system a plot of 
x1bx~/n~ against x~ should yield a straight line. 
Thus from equation 3.20 the adsorption capacity, m and selectivity,S12 
can be determined respectively from the slope and the intercept of the 
straight line ( Kipling, 1965 [26); Everett, 1983 [17) ). 
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8.2 Statistical Thermodynamic Adsorption Model 
Ruthven and coworkers (38] originally proposed a simplified 
statistical thermodynamic model for gas/solid adsorption equilibria 
independent of any particular molecular layer model of the adsorbed 
phase. The model depends on approximating the expression for the 
configuration integral by a simplified expressions involving the 
Henry's constant and the molecular volume of the component for a 
zeolitic adsorbents. Their main assumptions are 
(i) The adsorbed molecules are considered as confined within a 
particular cage of the zeolite with only relative infrequent 
exchanges between molecules in the neighboring cages. 
(ii) The molecules within any particular cage are considered as 
delocalised and freely mobile within the free volume of the 
cage. 
(iii) Sorbate-sorbate attraction is neglected. 
(iv) Sorbate-sorbate repulsion is accounted for by a reduction 1n 
the free volume of the cage. 
The above assumptions could be considered as a first 
approximation for systems involving sorption of nonpolar molecules and 
become inappropriate where there 1s localised sorption. Thus, the 
extension of the original Ruthven and coworkers statistical 
thermodynamic gas/solid adsorption model to liquid/solid by Gupta et 
29 
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al, 1981 [20] did not give much satisfaction. An average deviation of 
10% between theoretical and experimental results were recorded. 
To largely correct for the deficiencies of the above 
assumptions, Ruthven and Wong, 1985 [39] proposed a more general 
semiempirical approach. This retains the statistical approach but 
avoids the need to introduce a specific model for the adsorbed phase. 
We shall therefore present the new model and highlight the possibility 
of its extension to liquid/solid adsorption equilibria isotherms. 
In Ruthven's statistical approach [39] a system is considered to 
be divided into a number of equivalent subsystems with each subsystem 
being statistically representative of the macrosystem. For a zeolitic 
adsorbent, the subsystem may conveniently be taken as an individual 
cage within the framework. 
Where 
The configuration integral,Z, can be approximately written as 
s 
z = 
s 
s = number of sorbate molecules in a subsystem 
R = a temperature-dependent empirical constant 
s 
3.21 
characteristic of the particular sorbate-sorbent system. 
R 
s 
(i) 
has the following physical significance 
R = 1.0 for an ideal system 
s 
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Where 
(ii) 
(iii) 
R < 1.0 represents repulsive interactions 
s 
R > 1.0 represents attractive forces between molecules 
s 
The expression for the single-component adsorption isotherm 1s 
z 
m 
zO 
m 
C 
K 
p 
C = 
= E(KP)mRm_ 1/(m - 1) ! 
= E(KP)mR /m! 
m 
3.22 
3.23 
3.24 
= Single-component concentration 1n the adsorbed phase 
= Henry's constant 
= Partial pressure 
Equation 3.22 could be extended to binary (or multicomponent) 
isotherm of i molecules of component A and j molecules of component B 
in a given cage of a subsystem. 
Assuming the interaction effect 1n the mixed subsystem 1s the 
geometrical mean of interactions which would be observed in subsystems 
containing the same number of molecules of either A or B we have [39] 
3.25 
Where a= activity 
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With the above assumptions, we have, for binary isotherm 
= 
A .• = lJ 
A .. /( 1 lJ 
KAPA + 
+ A .. ) lJ 
1 J E E Z .. aA&fJ 
. . lJ 1 J 
3.26 
3.27 
s s l+J 3.28 
CA = Adsorbed phase concentration of component A 
s = Number of sorbate molecules in a subsystem 
A similar expression can be written for component B. Ruthven and 
Wong,1985 [39] suggested that the size of the subsystem should not 
contain more than four molecules. 
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3.2.1 Extension of the Statistical Thermodynamic Model 
to Liquid/Solid Adsorption Equilibria 
The maJor drawback on the use of the statistical thermodynamic 
model 1s that Ruthven and coworkers [38,39] specifically developed 
this model for zeolitic systems and hence can not readily be applied 
to other type of adsorbents systems. Another weak point in their 
proposed model 1s the use of the geometric mean to predict the 
configuration integral for mixed subsystems. This could only hold 
approximatelty for systems in which deviations from ideal behavior are 
not too large. It would not hold for highly non-ideal systems, which 
usually show azeotrope formation. For such highly non-ideal systems, 
the authors [39] suggested a possibility of using additional 
cross coefficients terms to take care of the interaction terms and 
modification of the constrain on the number of sorbate molecules, s. 
Bearing in mind the above limitations, the simplicity of this 
model coupled with the advantage of nondependence on any molecular 
layer model for the adsorbed phase make it attractive. Since the 
interaction term,R 1s an equivalent of activity coefficient in the 
classical thermodynamic model, the extension of this generalised 
statistical model to the liquid/solid adsorption isotherm is possible. 
This involves a replacement of the term KP by the Raoult's law 
equivalent XP0 • 
i.e.' KP (gas phase) XP0 (liquid phase) 3.29 
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Therefore, for liquid/solid adsorption for a zeolitic system we have 
Where 
1 J 
zijaA~ 
CA 
A .. 
lJ 
= [(RA)i('13)j]l/(i+j)(XAP~)i(XBP~)j/i!j! 
= A .. /( 1 + A .. ) lJ lJ 
0 1 J 
= XAPA + I: I: Z .. aA~ 
. . lJ 1 J 
= Adsorbed phase concentration of component A 
= Mole fraction of component A and Bin the 
bulk liquid phase 
P0 = Pure component saturation vapor pressure 
34 
3.30 
3.31 
3.32 
i 
: ' 
: i : · 
',' I 
Chapter 4 
BIPBIIllBNTAL llBTBODS 
4.1 Materials and Equipments 
The faujasite used in this experiment is a powder form of 2.0 
micron crystalline size supplied by Exxon Chemical Company. The 
chemicals used ( i.e., diethyl, triethyl,dipropyl, dibutyl and tri-
isopentyl amines) were bought from Eastman Kodak Company, Rochester, 
NY. The chemicals are of high purity ( about 99.9% minimum purity) 
and we used them without further purification. 
For each equilibrium data determination, the liquid mixtures of 
interest and activated faujasite were put in a 30 ml septum type screw 
cap bottle bought from SUPELCO company, PA. This enables the needle of 
a microliter syringe to pierce the septum to withdraw liquid sample 
for analysis on the GC ( Gas Chromatography). 
An Isotemp Vacuum Oven Model 281 of Fisher Scientific Co with 
the accompanied vacuum pump that pulls a vacuum of 30 inches Hg was 
used to activate our faujasite sample. 
Equilibration of our adsorption process was carried out in a 
Psycrotherm Controlled Enviroment Incubator Shaker of New Brunswick 
Scientific Co. Inc. NJ that maintains a thermostatically controlled 
temperature within~ 0.25 °C with capabability of up to 500 RPM 
( revolutions per minute) and temperature range of 0° - 60° C. 
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The composition of each of our equilibrated bulk liquid phase 
mixtures was analysed on a Perkin-Elmer Model 910 GC using the thermal 
coductivity detector facility of the model 910. We used heated 
on-column injector packed column glass tube of dimension 6 mm OD, 4 mm 
ID and about 1.83 m (i.e., 6 ft) long. The column is packed with 
chromosorb 103 of 80/100 mesh bought from SUPELCO Company, PA. 
( Chromosorb 103 is specifically developed for analysis of amines on 
GC ). 
4.2 Experimental Procedures 
A certain amount of faujasite was added to a weighed dry empty 
bottle and activated in a vacuum oven operated at 150° C under a high 
vacuum for 12 hours. The vacuum oven was allowed to cool down under 
vacuum and was purged with dry helium gas. By a weight difference 
technique, the weight of the activated faujasite was determined. Then, 
a certain volume of a standard liquid mixture of amines of interest 
was added and its weight similarly determined. 
The bottle with its contents was placed in a shaker operating at 
29.5° % 0.25°C and 180 RPM and allowed to equilibrate for about 24 
hours. The contents of the bottle were allowed to settle and about 0.1 
microliter of a clear liquid sample was withdrawn and its composition 
analysed on the GC. The GC was initially calibrated by us from a 
series of prepared standard liquid mixture amines using the thermal 
conductivity detector relative molar response factor technique. 
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' I The vacuum oven could hold nine or more bottles samples at a 
time. With the aid of a bottle holder, the shaker could also contain 
nine or more bottles samples at a time. 
Further details of the experimental procedures are given 1n the 
appendix. 
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Chapter 6 
RESULTS AND DISCUSSION 
6.1 Individual Composite Isotherm 
The adsorption equilibrium isotherm of binary liquid mixtures of 
diethyl and triethyl amines on faujasite at 29.5°C is presented in 
Table 5.1 and Figure 5.1. The composite isotherm diagram of Figure 5.1 
is a U-Shaped of Type I according to Schay classification [6] ( See 
our Figure 2.3 ) . And diethyl amine is preferentially adsorbed 
throughout the concentration range. 
Diethyl and triethyl amines have an estimated critical 
diameters of 5.6 and 6.2 angstrom units respectively. The pore size of 
the faujasite is about 7.5 angstrom units which is larger than the 
critical diameters of both diethyl and triethyl amines. Consequently, 
both diethyl and triethyl amine have equal access to the fine pore 
opening of faujasite. However, diethyl amine has a molecular weight 
of 73.14 g/gmole while the molecular weight of triethyl amine is 
101.19 g/gmole. Also, triethyl amine has a more branch-chain structure 
than diethyl amine. Thus both physicochemical properties and steric 
factor play important role in the observed preferential adsorption of 
diethyl amine as we shall further discuss below. 
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TABLE 6.1 : ADSORPTION OF LIQUID MIXTURES OF DIETHYL AMINE 
AND TRIETHYL AMINE ON FAUJASITE AT 29.6°C 
WEIGHT OF NO OF MOLES OF THE MOLE FRAC OF (C2H5)2NH SURFACE EXCESS 
THE SOLID LIQUID MIXTURES INITIAL 
(g) (mmole) 
FINAL OF (C2H5)2NH 
(mmole/g) 
-- ----~----- -- - -------------- ~- ---
0. 1451 
0 .1305 
0 .1310 
0.1361 
0 .1426 
0 .1394 
0.1383 
0 .1318 
0.1377 
14.08 
14.29 
13.64 
14.26 
14.99 
14.94 
15.83 
16.49 
16.37 
0.0856 
0.1045 
0.2036 
0.2976 
0.5016 
0.6033 
0.7046 
0.7925 
0.9078 
39 
0.0694 
0.0863 
0.1719 
0.2554 
0.4537 
0.5563 
0.6684 
0. 7706 
0.8938 
1.57 
1. 99 
3.30 
4.43 
5.03 
5.04 
4 .14 
2.73 
1. 66 
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FIGURE 5.1 : ADSORPTION OF LIQUID MIXTURES OF DIETHYL AllINB 
AND TRIETBYL AllINB ON FAUJASITE AT 29.5°C 
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The adsorption equilibrium isotherm of binary liquid mixtures of 
diethyl and dipropyl amines on faujasite at 2Q.5°C is presented in 
Table 5.2 and Figure 5.2 For this system, the composite isotherm 
diagram as shown in Figure 5.2 is a U-Shaped of Type II according to 
Schay classification. And diethyl amine is preferentially adsorbed 
throughout the concentration range. 
The critical diameters of diethyl and dipropyl amines are 
estimated to be 5.6 and 6.3 angstrom units respectively. Hence, both 
diethyl and dipropyl amines have equal access to the fine pore opening 
of the faujasite. Further, diethyl and dipropyl amines are members of 
the same homologous series. However,diethyl amine has a better packing 
efficiency than dipropyl amine. It therefore follows that the observed 
preferential adsorption of diethyl amine implies that the lower 
molecular weight 1s preferentially adsorbed. Other investigators 
[19, 26, 40, 42, 48] have reported similar trend in the adsorption 
equilibrium of binary liquid mixtures of a homologous series . 
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TABLB 6.2: ADSOIPTION OF LIQUID YIITUIBS OF DIBTBYL AJIINB 
AND DIPIOPYL AJIINB ON FAUJASITB AT 29.6°C 
WEIGHT OF NO OF MOLES OF THE MOLE FRAC OF (C2H5)2NH SURFACE EXCESS 
THE SOLID LIQUID MIXTURES 
(g) (mmole) 
0.1429 13.91 
0 .1345 14.24 
0.1367 13.36 
0.1290 15.65 
0.1405 15.93 
0.1383 16.12 
0.1400 15.95 
INITIAL 
0.1029 
0.2008 
0.2405 
0.4046 
0.5201 
0.8069 
0.9063 
42 
FINAL OF (C2H5)2NH 
(mmole/g) 
0.0995 0.33 
0.1938 0.75 
0.2261 1.40 
0.3893 1.86 
0.5179 2.49 
0.7824 2.84 
0.8847 2.47 
·--- ----·-----
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The adsorption equilibrium isotherm of binary liquid mixtures of 
diethyl and dipropyl amines on faujasite at 2Q.5°C is presented in 
Table 5.2 and Figure 5.2 For this system, the composite isotherm 
diagram as shown in Figure 5.2 is a U-Shaped of Type II according to 
Schay classification. And diethyl amine is preferentially adsorbed 
throughout the concentration range. 
The critical diameters of diethJl and dipropyl amines are 
estimated to be 5.6 and 6.3 angstrom units respectively. Hence, both 
diethyl and dipropyl amines have equal access to the fine pore opening 
of the faujasite. Further, diethyl and dipropyl amines are members of 
the same homologous series. However,diethyl amine has a better packing 
efficiency than dipropyl amine. It therefore follows that the observed 
preferential adsorption of diethyl amine implies that the lower 
molecular wei~ht is preferentially adsorbed. Other investigators 
[lQ, 26, 40, 42, 48] have reported similar trend in the adsorption 
equilibrium of binary liquid mixtures of a homologous series . 
41 
TABLB 6.2 z ADSORPTION OF LiqUID MIITUIBS OF DIBTBYL AllINB 
AND DIPIOPYL AllINB ON FAUJASITB AT 2V.6°C 
WEIGHT OF NO OF MOLES OF THE MOLE FRAC OF (C2H5)2NH SURFACE EXCESS 
THE SOLID LIQUID MIXTURES INITIAL 
(g) (mmole) 
FINAL OF (C2B5)2NB 
(mmole/g) 
0.142Q 13.Ql 0 .102Q 0.0995 0.33 
0 .1345 14.24 0.2008 0. 1Q38 
0.75 
0.1367 13.36 0.2405 0.2261 
1.40 
0.12QO 15.65 0.4046 0.3893 1. 86 
0.1405 15.Q3 0.5201 0.517Q 
2.49 
0.1383 16 .12 0.806Q 0.7824 
2.84 
0.1400 15.Q5 0.9063 0.8847 
2.47 
-------· 
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FIGURE 6.2: ADSORPTION OF LIQUID MIXTURES OF DIETHYL AllINB 
AND DIPROPYL AllINB ON FAUJASITE AT 29.6°C 
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The adsorption equilibrium isotherm of binary liquid mixtures of 
dipropyl and triethyl amines on faujasite at 2Q.5°C is presented in 
Table 5.3 and Figure 5.3. This system exhibit a U-shaped composite 
isotherm diagram of Type II according to Schay classification. And 
dipropyl amine is preferentially adsorbed throughout the concentration 
range. 
Dipropyl amine and triethyl amines have a similar critical 
diameters estimated as 6.3 and 6.2 angstrom units respectively. It 
follows that both dipropyl and triethyl amines have equal access to 
the fine pore opening of the faujasite. Also, dipropyl and triethyl 
amines have the same molecular weight of 101.19 g/gmole. However, 
triethyl amine has a more branch-chain structure than dipropyl amine. 
Thus the observed preferential adsorption of dipropyl amine 1s a 
manifestation of the over riding effect of the steric factor. 
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TABLB 6.3: ADSORPTION OF LiqUID YIITUiBS OF DIPlOPYL AMINB 
AND TlIBTBYL AMINE ON FAUJASITB AT 2G.6°C 
WEIGHT OF NO GF MOLES OF THE MOLE FRAC OF (C3H7)2NH SURFACE EXCESS 
THE SOLID LIQUID MIXTURES INITIAL 
(g) (mmole) 
0 .1331 12.95 0.0677 
0.1375 13 .18 0.1015 
0.1437 13.98 0.3036 
0.1359 13.61 0.5043 
0 .1420 12.86 0.5999 
0.1368 13.21 0.7036 
0.1418 13.47 0.8467 
45 
FINAL OF (C3H7)2NH 
(mmole/g) 
0.0560 1.14 
0.0875 1. 34 
0.2867 1.64 
0.4925 1.17 
0.5939 0.92 
0.6975 0.59 
0.8417 0.48 
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6.2 Comparison of the Composite Isotherm 
From figures 5.1, 5.2 and 5.3 we see that the shape of each of 
the composite isotherm obtained is different. As we have discussed in 
section 2.3, amines are molecules of Group D. Consequently, the 
observed different shapes of the composite isotherm are as a result of 
the differences in the adsorbate-adsorbate and adorbate-adsorbent 
interaction effects in each of the three systems studied. 
The magnitude of the preferential adsorption of dipropyl amine 
in dipropyl/triethyl amines system 1s lower than the magnitude of 
preferential adsorption of diethyl amine in diethyl/dipropyl amines 
system. And the magnitude of the preferential adsorption of diethyl 
amine 1n diethyl/dipropyl amines system is lower than the magnitude of 
the preferential adsorption of diethyl amine in diethyl/triethyl 
amines system.From the size and structure considerations, diethyl 
amine has a better packing efficiency than dipropyl amine. And 
dipropyl amine has a better packing efficiency than triethyl amine. 
Thus the order of the packing efficiency of the amines is parallel to 
the observed order of magnitude of the preferential adsorptions. 
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CONCLUSIONS 
The adsorptions equilibria of binary liquid mixtures of 
diethyl/triethyl, diethyl/dipropyl and dipropyl/triethyl amines 
systems on faujasite at 29.5°C were obtained. Diethyl amine 1s 
preferentially adsorbed in both diethyl/triethyl and diethyl/dipropyl 
amines systems throughout the concentration range. And dipropyl amine 
1s preferentially adsorbed 1n dipropyl/triethyl amines system 
throughout the concentration range. 
The observed shapes of the composite isotherm for the three 
systems studied are different due to the differences in the adsorbate-
adsorbate and adsorbate-adsorbent interaction effects in each system. 
The magnitude of the preferential adsorption of dipropyl amine 
1n dipropyl/triethyl amines system is lower than the magnitude of the 
preferential adsorption of diethyl amine in diethyl/dipropyl amines 
system. And the magnitude of the preferential adsorption of diethyl 
amine 1n diethyl/dipropyl amines system is lower than the magnitude of 
the preferential adsorption of diethyl amine 1n diethyl/triethyl 
amines system. Thus the order of packing efficiency of the amines is 
parallel to the observed order of magnitude of the preferential 
adsorptions of the components in a binary bulk liquid mixtures. 
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In the adsorption equilibrium of binary liquid mixtures of a 
homologous series as obtained in this study, a lower molecular weight 
is preferentially adsorbed. 
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APPBNDII 
A.1 Determination of the GC Relative Molar Response Factor 
The thermal conductivity detector facility of the GC is used to 
analyse the unknown bulk liquid equilibrium composition of our 
adsorption process. The technique we usea is to calibrate the GC by 
obtaining its molar response factor for each of the components in a 
known composition of the binary liquid mixtures. The relative molar 
response factor is a normalisation of the relative peak areas of the 
components to mole fractions. 
A series of standard binary liquid mixtures of amines were 
prepared. The detector's responses for each of the components were 
recorded as peak area by the Recorder/Integrator. The esults for 
Samples No 21 to 28 are presented below. 
A.1.1 Analysis of Sample No 23 
composition : 
Mole fraction of triethyl amine = x1 = 0.4076 
Mole fraction of dipropyl amine = x2 = 0.5924 
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Operating Conditions of the GC 
Detector Temperature 
Oven Temperature (Operated Isothermally) 
Injector Temperature 
Attenuation 
Current 
Sample Size 
Inlet Pressure of the Helium Gas Carrier 
Recorder Chart Speed 
Recorder Voltage 
Integrator Counts 
Results 
Peak 
Triethy 1 Amine 
Al 
----
First Trial 6.10 
Second Trial 5.60 
Calculation of the Molar Relative Response Factor 
= 190°C 
= 180°C 
= 250°C 
= X 256 
= 275 mA 
= 0.2 microliter 
= 40 Psi 
= 1 cm/min 
= 1. 0 mY 
= 6000 counts/min 
Area 
Dipropyl Amine 
A2 
9.40 
8.65 
The relative peak area, RA1 of triethyl amine (1) 1s calculated as: 
A.1 
= 
55 
'I. 
Normalised peak areas for equal number of moles of the components are 
calculated as : 
= A1(0.5/x1) 
= A2( 0.5/x2) 
A.2 
A.3 
A molar response factor of 100 is assumed for dipropyl amine as our 
basis. The relative molar response factor,F 1 of triethyl amine is : 
= 
= 
Therefore we have 
RA1 
First Trial 0.3935 
Second Trial 0.3930 
Therefore we have 
Average Relative Area 
Average Molar Response 
NPA1 NPA2 
A.4 
A.5 
Fl 
------ --------
7.4828 7.9338 94.3 
6.8695 7.3008 94.1 
= 0.3933 
Factor,F1 = 94.2 
The results for samples No 21 to 28 are presented in Table A.land 
Figure A.l. Further details on the determination of the relative molar 
response factors are given by Ettre and Latkins, 1967 [15] 
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TABLB A.1 s GC TBBIKAL IBLATIVB MOLAi IBSPONSB FACTOR OF TIIBTBYL 
AIIINB {l} WITH RBSPBCT TO DIPROPYL AIIINB (2) 
SAMPLE MOLE FRAC OF PEAK AREA AVERAGE RELATIVE AVERAGE MOLAR 
NO (1) (1) (2) AREA [A 1/(A1+A2)] RESP. FACTOR 
- - --
----
----
~-------
21 0.1973 
5.73 24. 77 0. 1876 Q3.Q 
5.53 24.00 
22 0.2Q64 3.Ql 
Q.80 0.2846 Q4.4 
3.55 8.Q5 
23 0.4076 
6 .10 Q.40 0.3933 Q4.2 
5.6 8.65 
24 0.505Q 5.70 
5.QO 0.4912 94.3 
7.60 7.88 
25 0.6038 
7.88 5.40 0.5923 Q5.3 
8.Q2 6 .17 
26 0.7023 
6.Q8 3.08 0.6926 95.5 
7.48 3.34 
27 0.8012 
10.35 2.68 0.7938 95.5 
Q.55 2.4Q 
28 0.857Q 11.63 
1.QQ 0.8555 Q8.1 
11.52 1.Q2 
-----
BASIS: MOLAR RESPONSE FACTOR OF DIPROPYL AMINE (2) = 100.0 
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A.2 Determination of the Surface Bxcess, n1 
For the adsorption equilibrium of binary liquid mixtures of amines on 
faujasite at 29.5°C, the surface excess, n~ is calculated as 
= ( n°/m) ( x~ 
+ = 0 
Where 
0 the initial mole fraction of component 1 added xl = 
b the final mole fraction of the bulk liquid component xl = 
m = weight of the activated faujasite 
0 total no of moles of binary liquid mixture added n = 
Determination of the weight ,m of the activated faujasite 
A.6 
A.7 
1 
An empty bottle is dry and weighed. Certain quantity of the faujasite 
1s added and activated in a vacuum oven operated under a high vacuum 
at 150°C for 12 hours. The weight of the activated faujasite is 
calculated using a weight difference technique. That is : 
Weight of the activated faujasite + bottle 
Weight of the empty dry bottle 
Weght, m of the activated faujasite 
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W2 
Wl 
= W2 - Wl 
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Determination of n° and 
A standard binary liquid mixture 1s prepared by adding a known volume 
of each of the components into a dry septum type screw cap bottle. A 
certain volume of the prepared standard solution was added to the 
activated faujasite. And its weight determined by a weight difference 
technique. That is : 
Weight of the activated faujasite +bottle+ liquid mixture= W3 
Weight of the activated faujasite + bottle 
Weight of the liquid mixture added 
0 ( V1•D1)/(V1•D1 + V 2*D2) xl = 
0 0 
x2 = 1 - X 1 
0 W/(x~•M1 
0 
n = + X2*M2) 
Where: 
M = Molecular weight 
D = Molar Density 
V = Volume of the liquid component added 
Determination of the bulk liquid equilibrium composition x~ 
= W2 
= W3 - W2 
A.8 
A.9 
A.10 
The bottle and its contents was placed in a shaker operating at 
29.5°C and 180 RPM and allowed to equilibrate for 24 hours. The 
contents of the bottle were allowed to settle. About 0.1 microliter of 
a clear liquid sample was withdrawn and injected on the GC. The 
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operating conditions of the GC were similar to those used for the 
calibration of the GC. ( See subsection A.1.1 for Sample No 23 ). 
The responses of the GC thermal conductivity detector for ea.ch 
of the components were recorded a.s peak area. by the 
Recorder/Integrator. The relative peak area. of a. given component 1 in 
the binary mixture 1s then calculated using equation A.l. From a 
relative peak area. versus relative molar response factor figure ( for 
example, 
component 
Figure A. l ) the molar relative response factor, 
1 is read. The equilibrium bulk liquid mole fraction, 
then calculated a.s below 
b ( Al/Fl)/( Al/Fl + A2/F2) xl = 
Where: 
A = Peak Area. 
Fl = Relative Molar 
Response Factor of Component 1 
F2 = Relative Molar 
Response Factor of Component 2 
A.11 
The relative molar response factor of component 1 for a given 
relative peak area. 1s read ( by interpolation) from a. typical Figure 
A.l. This technique assumes that the detector's responses for ea.ch 
component is linear within the concentration range ( equivalent to the 
relative peak area. range). Our opera.ting conditions of the GC similar 
to those used during the calibration of the GC a.re very extreme. The 
operating conditions were so because of the fact that the boiling 
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point range of interested components are too wide diethyl a
mine, 
56°C , tri-isopentyl amine, 235°C. 
The detector's linearity is valid within a small concentration 
range and hence small relative peak area range of the components
 when 
operated at extreme conditions as we did. Therefore, to minimis
e the 
error 10 our equilibrium composition analysis, we used the
 same 
standard binary liquid mixtures compositions as prepared 
in the 
calibration of the GC for our adsorption equilibrium process. W
e also 
used the same GC operating conditions as used during the calibr
ation 
of the GC. Equally, we used enough of the prepared standard 
liquid 
mixture such that there will be a small different betwee
n the 
composition of our adsorption equilibrium process and that o
f the 
liquid mixture used in the calibration of the GC. 
For the binary liquid mixtures containing tri-isopentyl amine, 
we used the temperature programme facility of the GC to monitor 
the GC 
oven temperature. We were not successful to analyse the dete
ctor's 
responses for each of the components at the same attenuation. T
his 1s 
because tri-isopentyl amine is of very small concentration and it
s 
thermal conductivity 1s very low compared with other compo
nents. 
Consequently, the relative molar response factors obtained fo
r such 
binary mixtures are not very reliable. 
In our planned future experiments, we hope to use internal 
standard technique to analyse the composition of the binary 
liquid 
mixtures containing tri-isopentyl amine. That is, in determinin
g the 
composition of a binary liquid mixtures containing tri-isop
entyl 
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amine, an appropriate third component will be added as internal 
standard component [15) In this method, the determination of the 
detector's response for tri-isopentyl amine is not required. Rather, 
the detector's responses will be compared between the internal 
standard component and the other component in the original binary 
mixture. This will enable the extreme operating conditions of the GC 
be relaxed. 
E 
Sample calculation of the surface excess, n1 
E 
The sample calculations of the surface excess, n1 1s illustrated with 
Run No 161 carried out on June 29, 1986. 
Weight, m of the activated faujasite = 0 .1420 g 
Weight, W of the triethyl and dipropyl amines = 
1.3016 g 
Peak area, A1 of triethy
l amine (1) = 2.45 units 
Peak area, A2 of dipropy
l amine (2) = 3.90 units 
Initial liquid mole fraction,x~ of triethyl amine 
-= 0.3959 
( For more details see Table 5.3 and Figure 5.3) 
From equation A.10 we have : 
n° = 1.3016(0.3959*101.19 + 0.6041*101.19) 
i.e.' 
0 
n = 12.86 mmoles 
From equation A.I, triethyl amine relative peak area,RA1 1s 
RA1 = 2.45/(2.45 + 3.90) 
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i.e.' RA1 = 0.3858 
From Figure A.1, the relative molar response factor,F 1 of triethyl 
amine 1s read 
1.e., F1 = 94.2 
The equilibrium mole fraction of triethyl amine lS calculated 
using 
equation A.11 
b (2.45/94.2)/(2.45/94.2 3.90/100) i.e.' xl = + 
b 0.4001 i.e.' xl = 
Surface 
E calculated equation A.6 excess, nl lS using 
E (12.86/0.1420) (0.3959 0.4001) nl = -
E 
- 0. 377 mmole/g 1. e., nl = 
From equation A.7, we have 
+ = 0 
Therefore, = 0.377 mmole/g 
The above calculations are routine. We wrote and implemented computer 
programmes to carry out the calculations. 
64 
VITA 
Emmanuel A. Dada was born on December 23, 1955 in Lagos, 
Nigeria. He attended C. A. C. Grammar School, Efon-Alaaye, Nigeria 
from September 1969 to December 1973. He graduated from University of 
Ife, Nigeria rece1v1ng a Bachelor's degree in Chemical Engineering 
with honors 1n 1980. He was employed as a Graduate Assistant by 
University of Port-Harcourt, Nigeria in 1981 and was promoted to 
Assistant Lecturer 1n 1983. On acceptance to Lehigh University for 
graduate study 1n 1984, he was given study leave by University of 
Port-Harcourt. He was also awarded a scholarship by Federal Government 
of Nigeria for his master's programme in Chemical Engineering. 
65 
